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Endotypes are biologically defined subclasses of clinical syndromes that differentiate a heterogeneous cohort based on differing molecular pathobiology. Once differentiated, the underlying pathobiology can be more directly targeted. Current opinion in the field emphasizes the need to define endotypes (1, 2) , and recent studies reported endotypes of adults with acute respiratory distress syndrome and in sepsis (3) (4) (5) .
We previously identified pediatric septic shock endotypes A and B using discovery-oriented hierarchical clustering and transcriptomic data generated from whole blood-derived RNA (6) (7) (8) . The endotyping strategy was subsequently refined to a 100-gene expression mosaic reflecting adaptive immunity and glucocorticoid receptor signaling, two biological pathways highly relevant to septic shock pathobiology (9) . Patients assigned to endotype A are characterized by repression of the majority of these genes relative to patients assigned to endotype B. In previous studies, assignment to endotype A on day 1 of septic shock was independently associated with poor outcome. Corticosteroid prescription was also independently associated with poor outcome among endotype A subjects (9) . We subsequently combined this endotyping strategy with biomarker-based mortality risk stratification and found a subgroup of patients in whom corticosteroids might be beneficial (10) . Thus, endotyping septic shock based on transcriptional profiling has the potential to inform clinical decision making.
Endotyping strategies reported to date have typically been cross-sectional, enrolling patients at a single time point (3, 4) . Our earlier studies focused on endotype assignment during the first 24 hours of septic shock (9) . Septic shock is a dynamic process; assigning an endotype at a single time point fails to consider this complexity. We hypothesized that patients can change endotype over time, and that such changes are associated with outcome, treatment response, or both. In this article, we test this hypothesis by applying our endotyping strategy at days 1 and 3 of illness in a diverse cohort of children with septic shock.
METHODS

Study Protocol
Data were obtained from an ongoing study enrolling children admitted to PICUs across the United States. The protocol was approved by the institutional review boards of each institution (11, 12) . Children 10 years and younger meeting pediatric-specific criteria for septic shock (13) were enrolled after informed consent from parents or legal guardians. This age group is considered biologically distinct from adults and teenagers as they are prepubertal. Blood samples were obtained within 24 hours of a septic shock diagnosis, representing "day 1." A second blood sample was obtained 48 hours later, representing "day 3." Total RNA was isolated from whole blood using the PaxGene RNA System (Qiagen/Becton Dickson, Valencia, CA). Clinical and laboratory data were collected daily while in the PICU. Mortality and organ failure were tracked for 28 days after enrollment. Organ failure was defined using pediatric specific criteria (13) . Major comorbidities were coded as being present or absent. The presence of malignancy, immune suppression, and bone marrow transplantation were specifically noted because the immune dysfunction associated with these comorbidities can affect outcome from septic shock. The procedures for coding corticosteroid exposure were previously detailed (14) and were modified for this study to focus on the initial 3 days of septic shock. Illness severity was measured using Pediatric Risk of Mortality-III scores (15) .
Subjects for the current study consisted of one group reported in our previous study focused on day 1 of septic shock (9) , and another group of newly enrolled subjects. Among the 300 study subjects in our prior study, there were 247 (82%) with an available day 3 RNA sample. The new group consisted of 128 subjects, generating a final cohort of 375 subjects with complete day 1 and 3 endotyping data.
Public Data
As an initial test of the generalizability, we accessed publically available transcriptomic data representing six critically ill children with meningococcal sepsis who had four or more serial RNA samples during the first 72 hours of illness (ArrayExpress Accession #: E-MEXP-3850, and Gene Expression Omnibus Accession #: GSE11755) (16, 17) . From these data sets, we extracted expression data for the 100 endotyping genes and assigned endotypes at each time point as described below.
Multiplex Messenger RNA Quantification and Endotype Assignment
The 100 endotype-defining genes and the four housekeeping genes were previously reported (9) . Gene expression was quantified using the NanoString nCounter platform (NanoString Technologies, Seattle, WA) (8, 9) . The endotype assignment procedure was also previously detailed (8, 9) . Briefly, gene expression data from unique subjects at each time point were uploaded to the Gene Expression Dynamics Inspector to generate individual gene expression mosaics (18, 19) . These were then compared with reference mosaics to allocate each subject to either endotype A or B, for both day 1 and 3, using computer-assisted image analysis. The reference mosaics represent the average expression patterns of study subjects assigned to endotype A and B, respectively, in our previous studies (6) (7) (8) .
Gene Expression Score
As an alternative approach to endotype assignment, we used the gene expression score (GES) (9) . The GES quantifies the variability of the expression of the 100 endotype-defining genes within a subject; it reflects the sum of the squared differences between the expression levels of each gene and the geometric mean of all genes for a given patient. Endotype A subjects have a gene expression pattern dominated by decreased expression across a majority of endotyping genes, reflected as decreased variability between genes. Conversely, endotype B subjects have a mixture of increased and decreased expression of the endotyping genes, reflected as increased variability between genes. Consequently, the GES is a continuous variable reflecting how close each patient is to being characterized as endotype A or B.
Comparisons to Healthy Controls
Previous studies have not considered how the endotyping genes are expressed in healthy children. We therefore measured the endotyping genes in 47 healthy controls. The enrollment procedures for controls were previously reported (11, 12, 20, 21) . Briefly, they were recruited from the ambulatory departments of participating institutions using criteria that excluded subjects with any form of systemic inflammation. There were 24 males and 23 females in the control cohort with a median age (interquartile range) of 2.9 years (1.2-5.7). Control data represent a single time point based on the assumption that expression of the endotyping genes does not vary significantly in the healthy state.
We calculated the mean GES of controls as a baseline measure of variability of expression of the 100 endotyping genes. We then calculated the GES difference (GESD) relative to controls for each septic shock subject by subtracting the individual subjects' GES from the mean GES of the control subjects. The mean GES of endotype A subjects is less than that of control subjects, while the GES of endotype B subjects is greater than that of control subjects. Therefore, higher GESD values reflect the variability associated with endotype A while lower values reflect the variability associated with endotype B.
Baseline Mortality Probability
Baseline mortality probability was estimated using the Pediatric Sepsis Biomarker Risk Model (PERSEVERE), which is calculated from the serum protein concentrations of five biomarkers (10, 22) . There were 356 subjects (95%) with available PERSEVERE data. Among these, 235 (66%) had PERSE-VERE data previously reported (10), whereas the remainder had newly generated PERSEVERE data.
Data Analysis
Statistical procedures used SigmaStat Software (Systat Software, San Jose, CA). Comparisons between groups used the Mann-Whitney U test, chi-square test, or Fisher exact tests as appropriate. The association between endotype allocation and outcome was modeled using multivariable logistic regression, adjusting for illness severity, age, and comorbidity burden. The primary outcome variable for the regression procedures was all-cause 28-day mortality. We also modeled a composite variable, "complicated course," defined as the persistence of two or more organ failures at day 7 of septic shock or 28-day mortality (9, 10, 14, 23) . Since this was an exploratory study, a priori we planned to extend upon our initial analysis, guided by the findings. For ease of reference and to contextualize the choice of analytic approaches, we describe exploratory analyses in the results section.
RESULTS
Binary Temporal Endotype Assignment
Initially, subjects were allocated into one of four temporal endotypes, AA, AB, BB, or BA, where the first letter describes the day 1 endotype and the second describes the day 3 endotype. Table 1 shows the clinical characteristics and demographic data based on temporal endotype. Among 132 subjects allocated to endotype A on day 1, 56 (42%) transitioned to endotype B by day 3. Among 243 subjects allocated to endotype B on day 1, 77 (32%) transitioned to endotype A by day 3. The proportion of subjects with poor outcome, as measured by 28-day mortality and complicated course, was greater among the AA and AB groups when compared with the BB and BA groups. The groups also differed with respect to age, neutrophil counts, lymphocyte counts, the proportion of subjects prescribed corticosteroids, and the proportion of subjects with either a comorbidity or immune suppression. No other differences were noted. Table 2 shows the results of multivariable logistic regression exploring the association between temporal endotype assignment and outcomes. Assignment to temporal endotype AA or AB was associated with increased odds of mortality. Assignment to temporal endotype AA was also associated with increased odds of complicated course. Conversely, assignment to temporal endotype BB or BA was associated with decreased odds of mortality and complicated course.
Using publically available gene expression data for six critically ill children with meningococcal sepsis (16, 17), we assigned endotypes at between four to six time points over the initial 72 hours of illness (Supplemental Table 1 , Supplemental Digital Content 1, http://links.lww.com/CCM/D134). The one subject who died in this group was assigned to endotype A during the initial 4 hours and subsequently transitioned to Critical Care Medicine www.ccmjournal.org e245 endotype B. Two other subjects were assigned endotype A at the initial time point and subsequently transitioned to endotype B. These subjects had longer stays in the ICU when compared with the three subjects who remained endotype B during the entire sampling period.
We previously noted that corticosteroid prescription was associated with increased odds of poor outcome among endotype A subjects (9) . We tested for an association between corticosteroid prescription and poor outcome within each temporal endotype group. Table 3 shows that corticosteroid prescription was associated with increased odds of mortality and complicated course among subjects in the AA temporal endotype group. Corticosteroid prescription was not associated with outcomes among the other temporal endotype groups.
In a sensitivity analysis, we repeated the logistic regression modeling but only included the subjects without preexisting comorbidities (n = 216). This subset did not have corticosteroid exposure prior to the episode of septic shock, and one can therefore assume that corticosteroid prescription was exclusively for the indication of septic shock. Among these subjects, corticosteroid prescription was independently associated with increased odds of mortality among subjects in the AA temporal endotype group (odds ratio [OR], 16.6; 95% CI, 1.8-154.7; p = 0.014), but not among the other temporal endotype groups.
Temporal Endotypes Based on the GES
As an alternative to binary endotype assignment based on gene expression mosaics, we used the GES as a continuous measure (22) 9 (12) Gram-positive bacteria, n (%) 14 (18) 11 (20) 44 (27) 15 (19) Gram-negative bacteria, n (%) 18 (24) 10 (18) 37 (22) 17 (22) Other organism, n (%) 9 (12) 8 (14) 23 (14) 11 (14) Culture negative, n (%) of endotype. Endotype B subjects have a higher GES relative to endotype A subjects. As well as avoiding the information loss associated with dichotomizing a decision, the GES provides analytical opportunities not possible with binary classifications. Because the GES spanned a range of three logs, we log transformed the GES values. We used multivariable logistic regression to test for an association between the GES and poor outcome, as shown in Table 4 . On day 1, a higher GES was associated with decreased odds of mortality and complicated course. There was no association between the day 3 GES and outcome.
To quantify the degree of exposure to being endotype A or B over the 3-day period, we computed the sum of the raw GES day 1 and day 3 values. A low GES sum indicates a predominantly endotype A patient, characterized by consistent repression of the endotype-defining genes over the 3-day study period, while a high GES sum would indicate a subject with more variability in their gene expression. Figures 1A and B show that subjects in the lowest quartile of the GES sum, the most endotype A-like subjects, had the highest rates of mortality and complicated course, respectively. The inclusion of patients from all temporal endotypes in the lowest quartile of GES sum, including temporal endotype BB subjects with relatively lower GES scores, illustrates the benefits of using a continuous variable.
Comparisons to Normal Healthy Controls
The GESD provides an opportunity to assess endotype changes relative to a reference, control state. Endotype A subjects have a greater GESD relative to endotype B subjects. When considering the interaction between GESD and the PERSEVERE-based mortality probability, we found that higher GESD for both day 1 and day 3 were associated with increased mortality (p = 0.027 and p = 0.048, respectively). This suggests that the greater the exposure to the endotype A profile, the worse the outcome even after adjustment for baseline mortality risk.
Corticosteroids and Endotype Transitions
Temporal endotype BB subjects were more frequently prescribed corticosteroids than temporal endotype BA subjects (Table 1) . Similarly, temporal endotype AB subjects were more frequently prescribed corticosteroids than temporal endotype AA subjects. This raises the possibility that corticosteroid prescription is associated with transitions to, or sustained assignment as endotype B. We used multivariable logistic regression to test this possibility. Among subjects who were endotype B on day 1, corticosteroids were associated with increased odds of being an endotype B on day 3 (OR, 2.5; 95% CI, 1.3-5.0; p = 0.003). Among subjects who were endotype A on day 1, corticosteroids were not associated with transitioning to endotype B on day 3, although there was a trend (OR, 1.7; 95% CI, 0·9-3·6; p = 0.126). 
DISCUSSION
Our data show that endotyping based on transcriptional profiling has the potential to inform clinical decision making for pediatric septic shock. Our data support the need to consider the dynamic nature of septic shock and expand beyond crosssectional assignment of endotypes in critical illness. Classification of temporal endotypes reveals that a substantial proportion of subjects transitioned endotypes from day 1 to day 3. Based on a binary classification strategy, subjects assigned to endotype A on day 1 had worse outcomes compared with subjects assigned to endotype B on day 1, consistent with previous findings (9) . We corroborated these observations, qualitatively, in a small independent cohort with greater temporal granularity. Binary endotype classification is readily understood clinically, but fails to capture that each endotype exists on a spectrum of gene expression. As a continuous variable, the GES provides an opportunity to capture this spectrum and therefore may enable greater analytical granularity. The day 1 GES was independently associated with poor outcomes, but the day 3 GES was not. However, when we grouped the patients based on quartiles reflecting the sum of the day 1 and day 3 GES, those in the lowest quartile had higher rates of mortality and complicated course. Because a lower GES sum reflects being more closely associated with endotype A over the first 3 days of illness, this indicates that persistence of endotype A portends poor outcome from septic shock. This observation was further corroborated when analyzing the interaction between the GESD and baseline mortality probability. Our analysis of temporal endotypes provides an opportunity to further explore the influence of corticosteroids. While we previously showed that corticosteroids were associated with increased odds of poor outcome among endotype A subjects (9), we now refine this observation by showing that corticosteroids were associated with poor outcome among subjects who persisted as an endotype A, but not among subjects who transitioned from endotype A to B. Further, our data suggest that corticosteroids might be associated with sustained assignment as endotype B. As in previous studies, these observations and their implications should be interpreted with caution because corticosteroid prescription was not standardized. Our data suggest a study designed to support causal inference is warranted.
The poor outcomes in our cohort are associated with persistent repression of genes corresponding to the adaptive immune system and glucocorticoid receptor signaling. Whether this represents a cause or an effect is currently unknown. It appears that this repression pattern is not simply a manifestation of baseline immune suppression because there were no subjects with this comorbidity in the AA group. We note that the biology and outcomes associated with the pediatric endotypes are analogous to the sepsis response signatures reported among adults with sepsis (4), although there is limited overlap between the sepsis response signatures and the endotype-defining expression pattern (5) . We posit that our findings reflect persistent immune suppression and an altered response to corticosteroids among patients who remain endotype A.
The clinical utility of molecular endotyping is not in prognostication per se. Rather, the primary clinical utility is in the identification of septic shock subgroups based on biological differences having the potential to inform therapeutic decisions beyond antibiotics and supportive care. Two potential therapies relevant to our endotyping strategy are corticosteroids (24) and immune modulation (25) . Our endotyping strategy is based on genes directly involved in the biological pathways targeted by corticosteroids and immune modulation. We note that the endotyping genes were identified through unsupervised analyses seeking to identify gene expression-based subgroups of pediatric septic shock, rather than preselection of genes. Once verified either in epidemiologic studies or in stratified analyses of current studies, the utility of the endotyping strategy should be tested in clinical trials. For example, we hypothesize that patients who persist as endotype A are perhaps the best candidates for immune enhancing therapies and that corticosteroids should be avoided in such patients. Conversely, our previous studies indicate that endotype B patients who are at higher baseline risk of mortality, might derive the most benefit from adjunctive corticosteroids (10) .
In summary, a substantial proportion of children with septic shock transition endotypes over the first 3 days of illness. The risk of mortality is most strongly associated with the day 1 endotype, but is modified by the day 3 endotype. We replicated this finding using publicly available data, although the sample was small. Corticosteroids are associated with poor outcomes among patients with a persistent endotype A, but not in those who transition from endotype A to B, nor in those initially assigned to endotype B. Given that the biology associated with the endotype-defining genes, the effects of these endotype transitions on septic shock outcomes and treatment responses warrant further studies. While the current study suggests a high degree of dynamic complexity, it is based only on two time points. Studies with greater temporal granularity will allow for disentangling the complexity of septic shock. 
